Arsenic, antimony, and bismuth, three group-V elements which crystallize in the rhomboedral A7 structure, are well-known semimetals. Going from As to Sb to Bi, the unit-cell parameters increase, as well as the strength of the spin-orbit interaction, leading to quantitative differences in the electronic properties of these materials. 
I. INTRODUCTION Crystalline As, Sb, and Bi share two related peculiar features: a slight departure from an exact cubic crystallographic structure, and a weak overlap between valence and conduction bands that leads to a small built-in density of free electrons and holes. ' This latter peculiarity, namely, the semimetallic state, leads to an enhancement of many transport coefficients. As a striking example, bismuth allowed the discoveries of the Seebeck effect and other related thermomagnetic effects. Owing to the smallness of the effective masses, oscillatory phenomena in a magnetic field, such as de Haas-van Alphen and Shubnikov-de Haas effects, were also observed for the first time in Bi. ' Since the early 1960s, a variety of independent measurements have established the main features of the band structure and the shape of the Fermi surface. From the theoretical point of view, many band-structure and totalenergy investigations have been carried out. We can mention an early tight-binding calculation for Bi, the qualitative analysis of bonding in group-V rhomboedral compounds, and different semiempirical or approximate studies of As, Sb, ' '" and Bi i&, i2 The investigation of these materials by precise ab initio techniques has only been undertaken' ' recently, and has concentrated mainly on the structural properties.
We have performed state-of-the-art ab initio calculations of the following As, Sb, and Bi electronic properties: valence charge density, band structure, charge density for each band, density of states (DOS), and Fermi surface. The precision requirement was particularly stringent for this latter property. Nevertheless, we have been able to satisfactorily reproduce the experimental Fermi surface shapes and number of free carriers, which are very sensitive quantities. The role of spin-orbit (s.o.) coupling, which is noticeable in Bi, has been emphasized.
The paper starts with a presentation of the atomic electronic structure of the three elements, and with the description of their respective crystalline states (Sec. II).
Then, we critically discuss the ab initio theoretical method we used to study the above-mentioned properties (Sec. III): a self-consistent density-functional approach, using ab initio nonlocal pseudopotentials and a localdensity approximation for exchange and correlation. Numerical results as well as a comparison with experimental results [Fermi surface, x- can be observed in the band structure, with little incidence on the global electronic properties. In the case of Bi, however, the effect turns out to be highly significant.
In this paper we shall actually be examining four different materials: the ab initio As, Sb, and Bi, and also the fictitious "Bi without spin-orbit coupling" for which we consider the pseudopotential without its L S part. The minimum energy structure for these three elements corresponds to the rhomboedral A 7 structure [ Fig.  1(a) ]. This rhomboedral unit cell contains two atoms. It is based on the three vectors starting from the atom la- The problems inherent to the use of the densityfunctional formalism will be discussed more specifically in the final part of this paper.
IV. RESULTS
small (500-200 meV for As and Sb) or even very small (30 -50 meV for Bi) overlaps, the maximum truncation error on energies at the Fermi level has been reduced to 20 meV for As and Sb, and 5 meV for Bi. At other points in the Brillouin zone, for the first eight bands, the accuracy requirement is somewhat less stringent. In the Appendix, we summarize the estimated uncertainties obtained for each semimetal.
In the pseudopotential method, spin-orbit coupling arises naturally in the L S form. The general expression for the matrix element of the spin-orbit pseudopotential between two plane waves can be found in Refs. 26 and 27. The diagonalization can be performed following two different schemes: both have been used in the present study. In the first method, which is exact but also very demanding from a computational point of view, the entire matrix including up and down spin, is considered, and solved using an iterative method. In the second method (restricted space method), ' "antibonding" by analogy with the usual nomenclature of the theory of homonuclear diatomic molecules. ' For As (Fig. 6 ), Sb (Fig. 7) , and Bi (Fig. 8) The spin-orbit coupling affects each element differently. We also distinguish between the exact treatment, the restricted space treatment, and the complete neglect of spin-orbit contributions. Table IV gives the uncertainties, first for the general band structure, and secondly for the overlap energy. These two values widely differ. We observe that the restricted space treatment is adequate for As and Sb, but the exact treatment is preferable for Bi. We could include more than eight bands in for Sb, and 7 meV for As.
